Context. Heavy metals in the atmospheres of white dwarfs are thought in many cases to be accreted from a circumstellar debris disc, which was formed by the tidal disruption of a rocky planetary body within the Roche radius of the star. The abundance analysis of photospheric elements and conclusions about the chemical composition of the accreted matter are a new and promising method of studying the composition of extrasolar planetary systems. However, ground-based searches for metal-polluted white dwarfs that rely primarily on the detection of the Ca ii K line become insensitive at T eff > 15 000 K because this ionization state depopulates. Aims. We present the results of the first unbiased survey for metal pollution among hydrogen-atmosphere (DA type) white dwarfs with cooling ages in the range 20-200 Myr and 17 000 K < T eff < 27 000 K. Methods. The sample was observed with the Cosmic Origins Spectrograph on board the Hubble Space Telescope in the far ultraviolet range between 1130 and 1435 Å. The atmospheric parameters were obtained using these spectra and optical observations from the literature. Element abundances were determined using theoretical models, which include the effects of element stratification due to gravitational settling and radiative levitation. Results. We find 48 of the 85 DA white dwarfs studied, or 56% show traces of heavy elements. In 25 stars (showing only Si and occasionally C), the elements can be explained by radiative levitation alone, although we argue that accretion has very likely occurred recently. The remaining 23 white dwarfs (27%), however, must be currently accreting. Together with previous studies from the ground and adopting bulk Earth abundances for the debris, accretion rates range from a few 10 5 g s −1 to a few 10 8 g s −1 , with no evident trend in cooling age from ≈40 Myr to ≈2 Gyr. Only a single, modest case of metal pollution (Ṁ < 10 6 g s −1 ) is found among ten white dwarfs with T eff > 23 000 K, in excellent agreement with the absence of infrared excess from dust around these warmer stars. The median, main sequence progenitor of our sample corresponds to an A-type star of ≈2 M ⊙ , and we find 13 of 23 white dwarfs descending from main sequence 2-3 M ⊙ , late B-and A-type stars to be currently accreting. Only one of 14 targets with M wd > 0.8 M ⊙ is found to be currently accreting, which suggests a large fraction of these stars result from double-degenerate mergers, and the merger discs do not commonly reform large planetesimals or otherwise pollute the remnant. We reconfirm our previous finding that two 625 Myr Hyades white dwarfs are currently accreting rocky planetary debris. Conclusions. At least 27% of all white dwarfs with cooling ages 20-200 Myr are accreting planetary debris, but that fraction could be as high as ≈50%. At T eff > 23 000 K, the luminosity of white dwarfs is probably sufficient to vaporize circumstellar dust grains, so no stars with strong metal-pollution are found. Planetesimal disruption events should occur in this cooling age and temperature range as well, and they are likely to result in short phases of high mass-transfer rates. It appears that the formation of rocky planetary material is common around 2-3 M ⊙ late B-and A-type stars.
Introduction
It is becoming increasingly clear that the presence of planets is more the norm than the exception. Analysis of transiting planet candidates from Kepler puts the frequency of earth-sized planets with orbital periods < 85 days at 16.5 ± 3.6% (Fressin et al. 2013) , whereas microlensing, which is sensitive to planets on longer period orbits, suggests that the fraction of stars with cool Neptunes or super Earths is ≈50-60% (Cassan et al. 2012) .
A fundamental question that has, until recently, received surprisingly little attention is the ultimate fate of planetary systems once their host stars evolve off the main sequence?. Initially focusing on the future of the solar system (Sackmann et al. 1993; Duncan & Lissauer 1998) , a number of theoretical studies have shown that a fraction of planets can survive the red- Dufour et al. 2010; Kilic et al. 2012 ) and the presence of photospheric metals in a large number of white dwarfs.
The strong surface gravity of white dwarfs leads to gravitational settling: all heavy elements sink out of the atmosphere with only the lightest one floating on top (Schatzman 1947) . This explains the composition of the vast majority of objects with almost pure hydrogen or helium surfaces. Metals are expected at the hottest temperatures because radiative levitation Vennes et al. 1988; Chayer et al. 1995a,b) , or at the cool end of the cooling sequence through convective mixing with deeper layers (Koester et al. 1982; Fontaine et al. 1984; Pelletier et al. 1986 ). Nevertheless, small traces of heavy metals are also found in the intermediate temperature range (see, e.g., Koester & Wilken 2006 , for a DA sample), where they can only be supplied by an external source through accretion. Historically, accretion from interstellar matter was considered as the most likely explanation (Fontaine & Michaud 1979; Vauclair et al. 1979; Alcock & Illarionov 1980; Dupuis et al. 1992) . However, this scenario had several problems (e.g. Aannestad et al. 1993; Wolff et al. 2002; Friedrich et al. 2004; Farihi et al. 2010a) , and it is now clear that accretion of planetary debris is the most likely explanation for the majority of, if not all, metal-polluted white dwarfs.
The direct detection of planetary material in the photosphere of a white dwarf offers the opportunity to study the chemical composition of exoplanetary systems with a scope and accuracy that will not be reached by other methods in the foreseeable future ). Because high resolution and high signal-to-noise spectra are needed, detailed studies have so far been carried out only for a handful of objects (e.g. Klein et al. 2010 Klein et al. , 2011 Vennes et al. 2011a; Zuckerman et al. 2011; Dufour et al. 2012; Gänsicke et al. 2012; Jura et al. 2012; Xu et al. 2013a) , with the common conclusion that the parent bodies of the accreted debris are rocky.
The stars in these studies form a heterogenous sample that covers a wide range in effective temperatures, major element composition (H or He) 1 , and metal settling timescales from days to millions of years. In particular for those objects with extended convection zones and long diffusion timescales (cool DA and the majority of DB white dwarfs), it is usually not possible to determine whether accretion has just started, if it is now ongoing in a quasistationary state, or if it has already ended long ago. This uncertainty impedes accurate measurements of both the accretion rates and chemical abundances of the circumstellar debris (Koester 2009 ). Addressing the overall picture and answering questions, such as "How many and what kinds of white dwarf progenitors harbored a planetary system, and what were their compositions? Where does the reservoir of small bodies that are scattered reside, and how does it evolve with time?", requires deep, high-resolution observations of a much larger and unbiased sample.
Ground-based observations of white dwarfs are primarily sensitive to the detection of photospheric Ca via the H&K doublet. Zuckerman et al. (2003) carried out the first systematic study, observing with the Keck HIRES echelle spectrograph primarily cool (T eff < ∼ 10 000 K) and old (cooling age > ∼ 1 Gyr) DA white dwarfs, and found traces of Ca in ≈25% of their target sample. A number of additional white dwarfs with weak Ca H&K lines were identified in the SPY survey (Napiwotzki et al. 2001; Koester et al. 2005; Berger et al. 2005) , and Koester & Wilken (2006) used this combined sample of 38 DAZ to test the hypothesis of interstellar accretion as origin of the metals. A similar, but smaller study focusing on 30 DB white dwarfs reached comparable conclusions, ≈25% of these stars have remnants of planetary systems , with the statistics subject to the caveat regarding stars with deep convection zones mentioned above. Fundamental limitation of all these ground-based studies are that (1) for a given photospheric Ca abundance, the strength of the H&K doublet varies by many orders of magnitude for white dwarf temperatures ranging from 10 000 K to 25 000 K, with corresponding cooling ages of a few 10 Myr to nearly 1 Gyr, and (2) Ca is only a modest component of rocky planets, <2% of the bulk Earth (McDonough 2000) .
Space-based observations of white dwarfs are sensitive to many additional polluting elements, but have so far focused predominantly on hot (>30000 K) white dwarfs. While a substantial number of hot white dwarfs showing photospheric metals have been detected (Shipman et al. 1995; Bannister et al. 2003; Barstow et al. 2003; Dickinson et al. 2012a,b) , the interpretation of their origin has been complicated by the strong effects of radiative levitation in their atmospheres, though Barstow et al. (2014) argue for external pollution.
Here, we present the results of a well defined large farultraviolet spectroscopic survey of warm (17 000 -27 000 K) DA white dwarfs that is sensitive to many of the major components of rocky material (O, Fe, and in particular Si) and extends our knowledge regarding the frequency of planetary debris around white dwarfs and their main sequence progenitors to younger cooling ages . In this temperature range, DA white dwarfs have very simple atmospheres, no convection zones, and short diffusion timescales. It is therefore safe to assume that the diffusion occurs in a steady state and the calculation of the chemical composition of the accreted matter is straightforward. One complication in this range -radiative levitation of silicon and carbon -was not anticipated at the beginning of the project, but we developed the necessary calculations to account for this effect.
Sample selection and HST observations
We selected an input target list of 150 DA white dwarfs from Liebert et al. (2005) and Koester et al. (2009) , where the sole criteria were that the stars (a) had 17 000 K < T eff < 25 000 K (two targets turned out to be slightly hotter in our analysis, extending the temperature range to ≈27 000 K), and (b) had predicted fluxes F λ (1300 Å) > 5 × 10 −14 erg cm −2 s −1 Å −1 . Given the need to obtain far-ultraviolet spectroscopy for a large sample of DA white dwarfs, but with no specific need to observe any particular star, this project was implemented as an HST Snapshot Program. Such snapshots are short observations occupying at most one HST orbit, which are executed in gaps of the scheduled observing sequence, where no other target from the pool of accepted regular GO or Large programs is available. We included several types of ancillary targets to facilitate the comparison with the main DA sample, and to test our computational tools: several white dwarfs with close Mdwarf companions (drawn from Gänsicke 2003 and Farihi et al. 2010b) , two recently discovered metal-polluted DA white dwarfs from Vennes et al. (2010 Vennes et al. ( , 2011b , and a small number of bright DB white dwarfs from Bergeron et al. (2011) . This HST program was executed from September 2010 to February 2013, and a total of 85 DA white dwarfs from our target list, D. Koester et al.: The frequency of planetary debris around young white dwarfs Fig. 1 . Fundamental properties of the DA stars observed in this HST/COS far-ultraviolet spectroscopic survey. From top left to bottom right: effective temperature and surface gravity (Sect. 3), V-band magnitude, white dwarf mass and cooling age computed from T eff and log g using the cooling models of Fontaine et al. (2001) , and the main-sequence progenitor mass computed from M wd and the initial-to-final mass relation of Kalirai et al. (2008) . The full sample is indicated by the outlined histogram. 48 white dwarfs where at least photospheric Si has been detected are shown with the filled histograms, of which 23 must be currently accreting (black). The remaining 25 (grey) have Si abundances consistent with support from radiative levitation alone, and have very likely accreted in the recent past (Sect. 9.1).
plus 15 ancillary targets were successfully observed. The distribution of the fundamental parameters of the 85 DA white dwarfs (T eff , log g, V-band magnitude, M wd , cooling age, and progenitor mass M ms ) are illustrated in Fig. 1 .
All observations were obtained with the Cosmic Origin Spectrograph (COS, Green et al. 2012 ) using the G130M grating. We adopted a central wavelength of 1291 Å, which covers the wavelength range from 1130 to 1435 Å, with a gap at 1278−1288 Å due to the space between the two detector segments. The COS detector suffers of a number of fixed-pattern problems, which can be eliminated by obtaining multiple spectra dithered by small steps in the dispersion direction, so-called FP-POS settings. The best results are obtained using all available four FP-POS settings, but given the limited time available in a snapshot exposure, we chose to split the exposure time equally between only two FP-POS positions (1 & 4) . Several of our COS observations were already used for the study of individual objects, including a detailed abundance study of four strongly metal-polluted DAZ stars that also exhibit infrared excess from circumstellar dust ; the detection of planetary debris at two white dwarfs in the Hyades (Farihi et al. 2013b , see also Sect. 9.6) and of water in an extrasolar minor planet (Farihi et al. 2013a) ; and the identification of molecular hydrogen in one DA white dwarf that turned out to be significantly cooler than the published effective temperatures (Xu et al. 2013b; Zuckerman et al. 2013) .
In this paper, we focus on the statistical analysis of the DA sample, a more detailed discussion of the white dwarfs that exhibit photospheric absorption in addition to Si and C will be discussed elsewhere.
Atmospheric parameters
The parameters were determined by comparison of the observed spectra with a grid of theoretical models, calculated with the methods and input physics as described in Koester (2010) . The only important change compared to the grid used for the analysis of the SPY survey ) are the inclusion of the non-ideal Balmer line Stark profiles as calculated by Tremblay & Bergeron (2009) and new Lyman α profiles.
The new calculations for the broadening of the Lyman α line, and in particular the quasi-molecular satellites at 1400 and 1600 Å, use the unified theory as described in Allard & Kielkopf (1982) and Allard et al. (1999) . The program code for the profiles, however, has been completely rewritten with improved numerical algorithms to overcome problems with numerical noise and artifacts, caused by the very large dynamical range of ten or more orders of magnitude between the line core absorption and the far wing in very broad lines. We have also used new calculations for the adiabatic potentials and dipole moments for the H-H+ interaction by Santos & Kepler (2012) .
The HST/COS spectra are dominated by the Lyman α profile, including the satellite near 1400 Å, and contain practically no undisturbed continuum. Although a fit can be obtained with effective temperature T eff and surface gravity log g as free parameters, the result is quite uncertain. A small increase in log g can almost perfectly be compensated by an increase in T eff , such that the ionization fraction, the major determinant for atmospheric structure and line strengths, remains constant. Very minor changes in the fitting routine cause the solution to wander along this correlation line. It is therefore necessary to use additional information to fix either the temperature or log g in the fitting of the COS spectra. Fortunately all objects have recent parameter determinations from high quality optical spectra, which do not suffer from this degeneracy, and up-to-date model atmospheres.
Seventy one of the 90 objects (including five of the ancillary targets) have been analyzed from optical spectra by Gianninas et al. (2011) (hereafter G11) , and 60 objects have at least two spectra in the SPY database. The latter have been reanalyzed by us using the latest model grid. The overlap of both samples (excluding WD0933+025 and WD1049+103 with strong contribution from a red companion in the optical [G11]) contains 39 objects, which can be used to estimate systematic and statistical errors of the parameter determination.
The G11 temperatures are on average higher by 3.16%, the surface gravities are larger by 0.056 dex. One possible explanation for these differences could be the theoretical models, but we believe that we use essentially the same input physics as the Montreal group. The models are rather simple with no convection, fairly low matter densities, and weak non-ideal effects. When we implemented the Tremblay & Bergeron (2009) Stark broadening data, P. Tremblay (2009, private communication) provided a theoretical spectrum for the optical range of a DA at 18 000 K, log g = 8. The corresponding model in our current grid is within < 1% of the flux identical to that benchmark spectrum. We thus do not believe that the different results come from differences in the theoretical models. The different nature of the observations (e.g. echelle vs. long slit spectra), or different fitting methods remain as possible explanations.
Apart from the systematic differences there is also a statistical scatter, which we interpret as an indication of the statistical error in our parameter determination (σ(T eff ) ≈2.36%, σ(log g) ≈0.084). Fig. 2 shows the comparison for the common sample.
The systematic difference in the optical parameter determination between G11 and the current work leads to different predictions for the theoretical UV spectra. The T eff difference has a much larger effect than that of log g; we have therefore decided to adopt the surface gravities from optical results and use T eff as free fit parameter for the COS spectra. Keeping our own optical surface gravities fixed we obtain temperatures from the ultraviolet fitting, which are similar to our optical temperatures, with an average difference of only 80 K. On the other hand, using the G11 surface gravities, our fits to the COS spectra results in temperatures, which are on average 600 K lower than found by G11 from their optical spectra. In simple words: using our own models and the described method, the parameters are consistent between optical and ultraviolet fitting, whereas for the G11 parameters they are not. We do not know if a fit of the ultraviolet spectra with the Montreal models would give more consistent results, but the implication would be that their theoretical Lyman α spectra are different from our current implementation.
The derived (COS) temperatures using either the G11 or our log g values from the SPY spectra differ by only 169 K on average, much less than they differ from the G11 temperatures, as shown above, with a distribution completely determined by the statistical errors of the optical surface gravities. The statistical (formal) errors for T eff from the fit routines are small (about 20 K typically), and can be neglected entirely. This results in a tight correlation between log g and the resulting COS temperature, which we use in the error estimates below.
These experiments suggested the following procedure. For the overlapping sample between G11 and SPY we take the average log g. For those with only G11 determination we decrease log g by one half the systematic difference (0.028), whereas for those with SPY determination alone, we increase log g by the same amount. This decreases the systematic difference to either sample to ±0.028 in log g; adding the statistical error quadratically results in σ(log g) = 0.089. With this log g kept fixed, we fit the ultraviolet spectra to determine a (COS) temperature. The error of log g translates into an error of T eff of 1.36%. We therefore use as our final error estimates σ(T eff ) = 1.36% and σ(log g) = 0.089, with a very tight correlation (larger log g leads to larger T eff ). The results are presented in Table 1 , which also contains photometric V data from the SIMBAD database, the Villanova White Dwarf Catalog 2 , and the APASS Photomet- ric All-Sky Survey 3 , and some derived quantities. Masses and radii are obtained from the Montreal evolutionary calculations 4 (Fontaine et al. 2001) , two independent distance estimates from the comparison of the absolute HST flux and the V magnitude with theoretical predictions from the model atmosphere parameters and the radius. A comparison of both values is shown in Fig. 3 .
The systematic difference between the two values indicates that some amount of reddening is present for the more distant objects. Assuming a 1/λ dependence leads to an ≈20% change of the absorption over the broad Lα line. In our spectral fitting we use the fixed surface gravity from the optical determination. The temperature is then obtained from a fit to the Lα line, which is dominated by the overall strength (i.e. the equivalent width) of this line, unaffected by the reddening.
Element abundances
Atmospheric structures were calculated for the best fit parameters with the same input physics used in constructing the grid. With this model structure synthetic spectra were calculated including approximately 14 000 spectral lines of 14 elements. The elements were assumed to be homogeneously distributed throughout the atmosphere. Individual abundances were then varied until a satisfactory fit to the spectral lines in the observed spectrum was achieved. We then calculated models with the metal abundances changed by ±0.2 dex and estimated the abundance errors from these models. Table 2 shows the results for the Si and C abundances. Fig. 4 shows an example for the total range of the observed spectra, as well as details of the spectral ranges with the Si and C lines important for the present study, compared with model fits. The panels from top to bottom show: a) complete COS spectral range for WD 1943+163 with typical signal-to-noise and relatively large Si and C abundances. Table 2 , 48 show photospheric Si. In fact, Si is always present, if any heavy metals are seen. 18 of these show in addition C, and 7 further metals out of this list: Mg, Al, P, S, Ca, Cr, Fe, Ni. For reasons, which will become clear in the following, we will con- Notes. *: ancillary target, not used in sample statistics; 1: additional elements detected among the following: O, Mg, Al, P, S, Ca, Fe in the ultraviolet or optical spectra; 2: post-common envelope (close) binary; 3: spatially resolved (wide) binary; 4: exhibits excess infrared emission; 5: SDSS1228 is a gas-disc DAZ with emission lines seen in the infrared Ca ii triplet near 8500Å (Gänsicke et al. 2006 ) and the Mg ii doublet at ≈ 2800Å (Hartmann et al. 2011) . The disc emission lines are broad -in contrast, the photospheric absorption lines are narrow, and we would expect to detect any emission in Si in the high-quality COS spectra of SDSS 1228+1040. In addition, the computations of Hartmann et al. (2011) predict little emission in Si ii, and none in Si iii. We use many Si ii and Si iii in the abundance analysis and do not see a significant difference.
centrate in this paper on the discussion of the Si and C abundances. The very interesting cases with more heavy metals than these two will be treated in separate papers.
Effect of parameter errors on the abundances
As a test case we have used WD 1943+163, near the middle of the temperature range and with Si, C, and O detected. Calculating two new models with the parameters increased, respectively decreased by the above uncertainties, the changes in the derived abundances are smaller than 0.04 dex for all lines, which we take as an estimate for the uncertainty caused by parameter errors, which should be added quadratically to the errors in Table 2 .
Interstellar absorption lines
With the exception of SDSS 1228+1040 and HS 2229+2335, where the photospheric Si lines are exceptionally strong and probably mask the IS lines, all objects show interstellar lines of Si ii 1260 Å (and others) and C ii 1334/35 Å. In most objects lines from the ground state of O, N, S, Fe are also visible. The most obvious indication for their IS nature is the absence of Si ii 1265 Å, which is always stronger than the 1260 Å line in the photosphere, because of the g f ratio of ≈1.8 and level energy only 0.036 eV above the ground state. If Si ii 1265 Å is visible, it is always photospheric only and in almost all cases the interstellar component of Si ii 1260 Å is shifted by 0.1 to 0.3 Å. In addition several stars show additional Si lines from excited states, which must have a photospheric origin. The situation is more complicated for the C ii 1334/35 Å doublet, where the second level is only 0.008 eV above zero, and both components can be observed in the ISM. Determination of photospheric abundances is only possible when photospheric and ISM lines are clearly separated, or if lines from excited states are observed, such as the C iii 1175 Å multiplet.
The spectral resolution of ≈17 km s −1 does not allow individual components in the IS lines to be identified. However, the equivalent widths of the IS Si ii 1260 Å lines in those objects without photospheric metals range from 21 to 203 mÅ, corresponding to column densities of 10 12 to 10 13 cm −2 , if interpreted as single line on the linear part of the curve of growth (e.g. Savage & Sembach 1996) . These column densities are typical values for the local interstellar cloud (LIC) surrounding our solar system (Redfield & Linsky 2004) ; given the proximity of our targets, it is likely the LIC or at most one or two similar small clouds are the only absorbing ISM material between us and most of our sample. The IS lines in these 90 objects close to the sun constitute an important resource for the study of the ISM in our immediate neighbourhood and will be analyzed in another paper.
Interpretation of abundances in the presence of diffusion
It is well known that the abundances in the photosphere cannot directly be taken to infer the abundances in the accreted matter. They are modified by the diffusion processes (Koester 2009 ). In the temperature range of our sample (17 000-27 000 K) there is no convection zone in a DA, and thus no homogeneous reservoir, which can be used to define a diffusion timescale at the bottom of this zone. The diffusion timescale is ill-defined in this case and depends on the layer in the atmosphere taken as the referencemost reasonably at the Rosseland optical depth 2/3. However defined in detail, they are extremely short, of the order of days or a few years at most. It is therefore reasonable to assume a steady state between accretion and diffusion, which eliminates some of the uncertainties plaguing such studies for cooler DA or DB stars with deep convection zones. Steady state means a constant diffusion flow of each element throughout the atmosphere, which is equal to the accretion flow
Diffusion and radiative levitation
Radiative levitation, the selective acceleration of individual ions by transfer of momentum from photons, has been studied extensively in the past (e.g. Chayer et al. 1995a,b , and references therein), but was usually considered important only at temperatures above 30 000 K. However, have demonstrated that radiative levitation could support Si at a low level in a DA atmosphere model with T eff = 20 000 K and log g = 8. Marginal support could also be possible for C. An application of this result to four DAZ white dwarfs in the temperature range 18 000-25 000 K showed that in three cases the Si abundance could be explained without current accretion. Very recently, Chayer (2014) studied two DA stars in the Hyades (WD 0421+162 and WD 0431+126), which are also in our sample, and demonstrated that, according to their calculations, the Si in WD 0431+126 could be completely supported by radiative levitation (see however Sect. 9.6, where our findings differ). This raises the possibility that the numerous objects with Si detections in our sample may not currently undergo an accretion episode, or that at least the derived accretion rate could be significantly altered by radiative levitation.
We have therefore decided to include this effect in our analysis, which aims to determine accretion rates from observed photospheric abundances. We start with the description of diffusion following the basic equations in Gonzalez et al. (1995) and Vennes et al. (1988) , with some changes in notation and simplified for a trace element 2 in background element 1 (i.e. abundance ratio γ = 0)
Here A 1 , A 2 are the atomic mass numbers of the two elements, Z 1 is the average charge of the background, Z i the charge of ion i of the trace element, c 2 its number fraction, m the atomic mass unit, k the Boltzmann constant, T temperature, g the gravitational acceleration, and p 1 the partial pressure of the ions of element 1. D i and v i are the diffusion constants and diffusion velocity for ion i of the trace element. The radiative force on ion i of the trace element is
where F λ is the radiative energy flux in the atmosphere, σ i the line absorption cross section of ion i, and c the velocity of light.
There has been some discussion in the literature, starting with Gonzalez et al. (1995) , about the distribution of the momentum gained through photon absorption on the different ionization stages (e.g. Chayer et al. 1995a,b) . The question is, whether the absorbing ion ionizes to the next higher state before losing the gained momentum or not. Since the detailed calculations for each transition are much too complicated to be incorporated into our present analysis, we follow the simple prescription of Chayer et al. (1995b) : if the principal quantum number of the final state of the transition is not higher than that of the ground state plus one, the momentum is lost in the absorbing ion, otherwise in the next higher state. This is implemented in the following way: dividing the radiative force in the two contributions according to the above criterion (index 1 for the momentum lost by the same ion that has absorbed it, index 2 for the momentum lost in the next higher ionization state)
we can with the number density n write the total force on a unit volume as
This outlines how the effective radiative acceleration for each ion should be calculated to preserve the total absorbed momentum. The final step is the averaging of the velocities, weighting with the ionization fractions of the trace element,
and of the diffusion flux in g cm
with mass density ρ and mass fraction X of the trace element. We note that all necessary quantities are readily available in the atmosphere model code during the iteration of the atmospheric structure; there is no need for any further approximations of the radiative flux or line profiles. The atmospheric structure and element distribution are iterated until a completely consistent solution is obtained for the parameters T eff , log g, and constant diffusion flux at all layers.
Each spectral line is calculated for at least 21 wavelength points starting with steps of 1/8 the Doppler width at the line center, increasing gradually to also cover the broad damping wings. We have made some test calculations to test the dependence of the result on the number of spectral lines used. A typical example is the DA model at T eff = 20 000 K, log g = 8.00 and [Si/H] = -7.0. With the 66 strongest lines of Si i to Si iv the change in the Si abundance at the same diffusion flux between calculations with vs. without radiative levitation is 0.23 dex at τ R = 2/3, and 0.25 maximum considering all layers in the model between optical depth 10 −6 and 1000. Using 447 Si lines, the numbers are 0.25 and 0.29; finally, with a large set of 824 lines the numbers are 0.23 and 0.32. The major effect is already achieved with the small line set. If we want to answer the question whether radiative support without any current accretion is possible at the lowest abundance levels, we would need very high accuracy of the line absorption, and thus use as many lines as possible, because the answer is either yes or no. However, our main emphasis is to determine the diffusion fluxes, where a change of 0.05 dex is well within the typical errors. We thus decided to take the medium size set as a compromise between computing resources and accuracy. The corresponding calculations for C used 394 C i to C iv lines. To get an overview about the importance of radiative levitation we have calculated atmospheric models with the element stratification obtained with zero accretion flow. For these models synthetic spectra were calculated. In order to compare the results with the abundances in Table 1 we have then calculated homogenous models, which produced the same equivalent width as the stratified models. The abundances of these models are shown in Fig. 5 and compared to the Si abundances of Table 1 . Fig. 6 shows the same comparison for C.
Figs. 5 and 6 suggest that for a significant fraction of objects with photospheric Si radiative levitation may be important. On the other hand, for most of the C observations accretion seems to be necessary. The final answer is only possible by calculating in the next step the levitation for each object individually, using the appropriate stellar parameters from Table 1.
Comparison with previous work
Radiative levitation in white dwarfs has been calculated in several papers of the Montreal group (see e.g. Chayer et al. Radiative support in a log g = 8 DA white dwarf model as a function of depth in the atmosphere, expressed as fractional mass ∆M/M from the surface. 1995a,b, and references therein) and by Dreizler & Wolff (1999) . These studies were aimed at hot stars. We can, however, compare our results with the recent studies of Chayer (2014) and Chayer & Dupuis (2010, hereafter C10) . We use the same diffusion coefficients from Paquette et al. (1986) , but the complete implementation and programming is independent. , give in their Fig. 3 the abundance distribution of Si in a 20 000 K, log g = 8 DA model for a range of accretion rates. Our own calculations for the same model are shown in Fig. 7 . The four panels show: a) Radiative support from the first four ions of silicon at T eff = 20 000 K, expressed as acceleration, weighted with the relative abundances of the ion. b) Si abundance supported by this force. Without accretion two separate "clouds" of Si are formed; outside these clouds the abundance drops to zero (continuous black line). The dashed (blue) line shows the Si distribution when a small accretion/diffusion flux of 3.9 × 10 4 g s −1 is present, the dotted (red) line shows the same accretion flux with radiative levitation switched off. c) Si abundance stratification for 24 000, 22 000, and 20 000 K (from top on the right side). From 24 000 to the upper limit of our sample near 27 000 K, the curves differ very little from the 24 000 K curve. The main "visible" part of the atmosphere between τ Rosseland 0.01-10 is between the two vertical green lines.
The maximum abundance supported at the lowest accretion rates in C10 is log [Si/H] ≈ −7.5, which is very similar in our own calculations. However, there are significant differences between the two approaches -C10 solve the time-dependent diffusion equation, whereas we determine the stationary state. We are interested in the interpretation of spectroscopic observations, which depend on the details of the atmosphere; according to Fig. 3 in C10 equilibrium is reached in less than one year. Any timedependent variations in the observed DAZ occur very likely on much longer time scales, justifying our use of the stationary state. -C10 calculate envelope models. The atmospheric conditions at optical depth 2/3 (corresponding to log ∆M/M ≈-16.4 in this model) are used as boundary conditions; the Si abundance is assumed to be constant above this layer. As the bottom panel of Fig. 7 demonstrates, the distribution of Si throughout the photosphere is very far from uniform (black continuous line). If we aim at a realistic comparison with observed spectra, we have to calculate synthetic spectra for this distribution, and it is quite clear in this case that the Si lines will be much weaker than in a model with constant log [Si/H] = -7.5. We will come back to a specific example below. -There is a qualitative difference between a model with zero accretion and one with even a very small accretion flux. If radiative support fails by a tiny amount to support Si at some layer in the atmosphere, the abundance will drop to zero without accretion. On the other hand, with accretion, the downward diffusion velocity can be very small, because of the near cancellation of the force terms in the diffusion equation. This will lead to a strong enhancement of the abundances as compared to regions without radiative support. This is demonstrated by the (blue) dashed line, which shows the Si distribution in the case of a small accretion flux (3.9 × 10 4 g s −1 ) and can be compared with the dotted (red) line, which shows the same accretion flux, but with radiative levitation switched off.
Determination of diffusion fluxes for the sample with photospheric spectral lines
Since radiative levitation depends strongly on the stellar parameters -especially the surface gravity -and the abundances, we need to study each object individually. For this purpose we calculated two sets of models for each set of atmospheric parameters; the first one without accretion, assuming equilibrium between radiative levitation and gravitational settling. For the resulting atmospheric structure a synthetic spectrum was calculated and from this the equivalent widths of the strong lines Si ii 1265 Å and C ii 1335 Å -and in a few cases additional lines -were calculated and compared with observed values. This includes obviously objects where no radiative support is possible, resulting in zero equivalent widths. The second set included accretion. The parameter we use in this calculation is the accretion flux (which in stationary state is also the diffusion flux). The flux for Si and C was varied, until a satisfactory fit was achieved; in the case of significant radiative support we determined an upper limit to the flux. Technically we used the original abundances from the fit with homogeneous models as a starting point. Assuming that they are approximately representative for the layer τ = 2/3, they lead, with the diffusion velocities calculated for this layer to a starting value for the flux. Results of these calculations and the comparison with the observations are presented in Table 3 . The column labeled R/A is our assessment, whether accretion is necessary to explain the observed line strengths or not. Unfortunately there is no simple and completely objective method for this decision. The strong dependence of radiative levitation on stellar parameters, and the unavoidable uncertainties of these parameters, as well as uncertainties of the equivalent widths for very weak lines and noisy Table 3 . Equivalent widths (in mÅ) of Si ii 1265 Å and C ii 1335 Å measured from the observed spectra (obs) compared to the predictions of radiative levitation (RL). Logarithms of the C and Si diffusion fluxes (in g s −1 Notes. *: ancillary target, not used in sample statistics; 1: additional elements detected; 2: post-common envelope (close) binary; 3: spatially resolved (wide) binary; 4: exhibits excess infrared emission; 5: C ii 1335 line contaminated by interstellar line; if field is empty, the spectrum is consistent with a photospheric EW = 0; 6: C iii lines near 1175 Å used instead of 1335 Å; 7: Si ii 1298 Å line used instead of 1265 Å spectra, lead to an intermediate range without unambiguous decisions. We have aimed to be conservative and rather err on the assignment of R than A, that is, we want to be confident that the latter objects are really accreting. If the predicted EWs are within a factor of two of the observed ones, we consider pure radiative support (without accretion) as possible, whereas with a factor of four or larger we conclude ongoing accretion. In between, the decision was made using the quality of the spectra, and if no decision seemed possible, the assignment was R?. With this classification, we conclude that of the 48 objects showing photospheric Si, 23 must be currently accreting. Likewise, of the 19 objects with C, 14 must be accreting. There is one single object in Table 3 (HE 0416-1034), where the Si abundance could be explained by radiative levitation alone, but the C abundance apparently demands accretion. Other results of Table 3 are further discussed in Section 9.
There has been a recent claim by Deal et al. (2013) that the diffusion fluxes would change by orders of magnitude, if the thermohaline instability would be taken into account. In Xu et al. (2014) we discuss some arguments, why we do not think that these calculation apply to the diffusion in white dwarfs. In that paper, we were presenting results for white dwarfs with an outer convection zone. It is conceivable that at the bottom of the convection zone a boundary layer develops with a discontinuity in molecular weight, if the accretion of a large amount of external matter (of asteroid size) is very fast, compared to diffusion timescales. In the current sample the stars do not have any convection zone and we believe that the Deal et al. (2013) calculations are irrelevant in this case. A more detailed discussion will be given in a future paper (Koester, in preparation).
Effect of parameter errors on diffusion calculations
We use the same object as above (WD 1943+163) to estimate the change in the diffusion fluxes within the error estimates for T eff and log g. With unchanged abundances, the diffusion flux changes for all elements by approximately 0.05 dex, in the same direction that the abundances have to change in the spectral analysis. So the combined uncertainty of the atmospheric parameters on the final diffusion fluxes can be estimated as 0.09 dex. This should be added quadratically to the (statistical) abundance uncertainties to get errors for the individual fluxes. However, since the changes go into the same direction for all elements, these errors need not be added when calculating element ratios.
Results and Discussion
Taken at face value the number of metal-polluted white dwarfs in the COS sample (48 out of 85, or 56%, see Table 2 ) is surprisingly high. Previous estimates (e.g. Zuckerman et al. 2003 Zuckerman et al. , 2010 ) put this number much lower at 20-30%. Out of the 48 stars with at least a detection of photospheric Si, 23 (27%) must be currently accreting, and in an additional 25 (29%), the Si abundance is compatible with radiative levitation, however, still implying accretion in the recent past (see Sect. 9.1 below). This increased fraction of metal-pollution among our COS sample compared to previous optical studies is probably due to the relatively high resolution and signal-to-noise ratio of our observations, and to the choice of the wavelength region with strong lines of Si, a major component of planetary debris. Different from previous work on larger samples (Zuckerman et al. 2003; Koester et al. 2005 Koester et al. , 2009 ) our sample was specifically chosen for a search for metal traces in fairly bright stars in a limited and well defined temperature range. The detection threshold for Si does not significantly vary over this temperature range (see the solid line in the bottom panel of Fig. 8) , and we are confident that the high fraction of metal-polluted white dwarfs is representative for the local neighborhood within ≈100 pc around the Sun.
Accretion from the interstellar medium?
Twenty five (29%) of the stars in our sample have Si abundances that are consistent with being supported by radiative levitationwhat is the nature, and the origin of the polluting material? Figure 8 in Chayer et al. (1995b) suggests that the equilibrium abundance of Si supported by radiative levitation reaches a broad minimum around T eff ≈ 70 000 K along the cooling sequence for a 0.6 M ⊙ white dwarf (corresponding to a cooling age of < 1 Myr). Upon further cooling to 30 000 K (≈10 Myr), the abundance necessary for equilibrium rises by a factor of ≈100. At abundances lower than the equilibrium values -as those possibly remaining from the earlier evolution -radiative levitation will always dominate gravitational settling. Our interpretation is that any remaining primordial Si would be blown out of the star by the radiation pressure. As a conclusion, any Si visible below 30 000 K must have been accreted. Before claiming that this must always be accretion from a remnant planetary system or circumstellar material in general, we derive some estimates concerning the possibility of accretion from the interstellar medium.
The total Si mass in radiative levitation equilibrium in the atmosphere of a 20 000 K, log g = 8 DA is 7.89 × 10 10 g (Fig. 7) . The cross section for Eddington accretion from interstellar matter, which is the minimum we would expect, is
with white dwarf mass and radius M wd and R wd , gravitational constant G and space velocity v. Assuming the white dwarf crosses just one tiny cloud like our Local Interstellar Cloud (LIC) with a Si column density of 10 13 cm −2 and a velocity of 30 km s −1 (Redfield & Linsky 2004) , it would sweep up 2.46 × 10 13 g of Si. That is three hundred times more than needed to explain the observations, and most of this matter would diffuse downward, except for the tiny fraction supported by radiative levitation. However, in this scenario, adopting a typical cloud size of ≈2 pc within the solar neighborhood (Redfield & Linsky 2004) , the accretion rate of Si would beṀ(Si) < 10 g s −1 , orders of magnitude smaller than the rates determined for the 23 objects with inferred current accretion. A more realistic estimate for the accretion of Si bound in interstellar dust grains is obtained assuming that hydrodynamic (Bondi-Hoyle) accretion works only within a radius, where the grains sublimate (Alcock & Illarionov 1980; Farihi et al. 2010a) . A similar calculation as above leads to accretion ratesṀ(Si) < 10 3 g s −1 , still much smaller than any of our observed rates.
An additional argument against an ISM origin for the Si detections in our sample comes from the C/Si ratio that we determined for the debris material. Accretion from the ISM would suggest a C/Si ratio close to its solar value, i.e. ≈3.6 by mass. Inspection of Table 3 shows that the majority of the white dwarfs that are currently accreting have C/Si values, or upper limits thereof, significantly below solar. Exceptions are the white dwarfs in post-common envelope binaries, which presumably accrete ≈solar-abundance wind from their companions, plus a handful of apparently single white dwarfs, the nature of which which will be discussed elsewhere. 
Total accretion rates
Given that typically only one, or at best a few, elements are detected in the white dwarf photosphere, computing the total accretion must rely on an assumption regarding the chemical composition of the accreting material. Historically, solar abundances were adopted within the context of accretion from the interstellar medium, see e.g. Koester & Wilken (2006) for a discussion of deriving total accretion rates from the photospheric Ca abundances. Over the past decade, it has become increasingly clear that planetary debris is the most likely origin of the metalpollution detected in a large number of white dwarfs, and, given that overall the chemical abundance patterns bear a strong resemblance to rocky solar system material, using bulk Earth abundances to infer total accretion rates has become a standard assumption -again, most of the times extrapolated from the photospheric Ca abundances (e.g. Farihi et al. 2009; Zuckerman et al. 2010; Girven et al. 2012 ). Zuckerman et al. 2003; Berger et al. 2005) . Red symbols illustrate the log(Si/H) abundances from our HST/COS survey, where filled red symbols represent the 23 stars that must currently be accreting (labeled "A" in Table 3 ), open triangles are the 25 stars where Si is detected close to the equilibrium abundance for radiative levitation (labeled "R" and "R?" in Table 3), and upper limits to log(Si/H) for the remaining 37 stars are shown by small gray triangles. For comparison, the parameters of five additional DA white dwarfs that we observed with COS In the middle panel the fraction of white dwarfs with photospheric Ca and Si detections is shown. Each black dot represents 25 stars with Ca measurements, with the error bar given by the standard deviation in T eff . Each red dot represents 20 stars with Si measurements from our COS survey, which are further sub-divided into white dwarfs that are currently accreting (filled triangles), and in which photospheric Si could be maintained by radiative levitation (open triangles). The gray dashed line illustrates the diffusion time scale for Ca at τ = 2/3 in radiative atmospheres, and at the bottom of the convection zone in convective atmospheres, the transition between the two regimes occurs between 12 000 K and 13 000K.
The top panel of Fig. 8 shows the total accretion rates for the 38 DAZ from Koester & Wilken (2006) , for the 25 accreting DAZ from our COS survey, and for five additional objects that we observed for comparison (two white dwarfs with infrared excess from their circumstellar debris discs, and three post-common envelope binaries -these objects are not used for the statistics discussed below). For the stars observed with COS, we scaled the Si mass fluxes (Table 3) Table 3 in Koester & Wilken (2006) , based on the extrapolation from the photospheric Ca abundances, the filled/colored symbols are extrapolated from the photospheric Si accretion fluxes determined from our COS spectra. Open red triangles show upper limits from our COS survey. Two stars are common to our COS survey and the Koester & Wilken (2006) study (WD1015+161, HS2229+2335), their accretion rates extrapolated from Ca and Si are joined by dotted lines, and illustrate the uncertainty inṀ extrapolated from just one element, given that the accreting material can show large deviations from the solar or bulk Earth Si/Ca ratio (see Fig. 7 in Gänsicke et al. 2012) .
While the abundances of planetary debris are broadly speaking "rock-like" (I.e. volatile depleted and rich in O, Si, Mg, Fe), we have shown that there are substantial variations in the metal-to-metal abundance ratios , which implies that total accretion rates based on either Ca or Si can easily diverge by an order of magnitude. WD 1015+161 and HS 2229+2335 are both in our COS sample, and among the DAZ of Koester & Wilken (2006) , in both cases the total accretion rate determined from the photospheric Ca abundance significantly exceeds that based on our Si measurement. However, judging from Table 4 and Fig. 7 in Gänsicke et al. (2012) , it is clear that WD 1015+161 has overall a much lower Si abundance compared to the other stars. The case is similar for HS 2229+2335, where we computed a Ca flux of 10 7.15 g s −1 (using log[Ca/H] = −5.9 from Koester & Wilken 2006) . For white dwarfs with such high temperatures, ground-based spectroscopy is only sensitive to the highest Ca abundances, and as such it is maybe not surprising that both WD 1015+161 and HS 2229+2335 have unusually high Ca/Si ratios. More accurate total accretion rates can only be derived if all the main elements are detected, i.e. at least O, Mg, Si, and Fe for rocky material, plus C in the case of volatile-rich material (see Farihi et al. 2012b for a quantitative comparison).
Taking the accretion rates shown in Fig. 8 at face value, it is evident that the ranges of rates probed by searches for Ca and Si at low and high T eff are entirely complementary, and lead to a broadly similar distribution. Adopting bulk Earth abundances for the accreted material, the measured accretion rates range from few 10 5 g s −1 , set by the detection threshold of the observations, to a few 10 8 g s −1 . This upper limit agrees, within an order of magnitude, with the accretion rate that would be driven purely by Poynting-Robertson drag on dust particles near the inner edge of the debris disc (Rafikov 2011a) .
However, sublimation of the dust will unavoidably lead to the additional presence of gas within the disc, and the gas content may be enhanced e.g. by the impact of additional asteroids on an existing debris disc (Jura 2008) . This gaseous phase has been detected both from emission lines arising in the outer parts of the disc (Gänsicke et al. 2006 (Gänsicke et al. , 2007 (Gänsicke et al. , 2008 Farihi et al. 2012a; Melis et al. 2012 ) and absorption lines along the line of sight onto the white dwarf (Debes et al. 2012; Gänsicke et al. 2012) . The additional viscosity of this gas is expected to increase the accretion rate over the value for Poynting-Robertson alone, potentially leading to a runaway process with peak rates of 10 10 − 10 11 g s −1 (Rafikov 2011b; Metzger et al. 2012) . Such high accretion rates are observationally inferred for a number of DBZ white dwarfs (Farihi et al. 2012b; Girven et al. 2012 ). However, because of the long diffusion time scales in these stars, they are most likely not in accretion-diffusion equilibrium, and the accretion rates derived for them should be interpreted as a long-term average value -which implies that the peak accretion rates are probably even higher. The absence of any DAZ stars with accretion rates (Ṁ > 10 10 g s −1 ) strongly suggests that such phases have short life times, and correspondingly small probabilities of being detected.
A final note concerns the overall distribution of accretion rates. Ignoring the uncertainties onṀ for any individual system, it appears that there is very little dependence of the derived accretion rates on the cooling age of the stars, which ranges from a few 10 Myr at the hot end to ≈2 Gyr at the cool end. There is some lack of white dwarfs with low accretion rates in the range 12 000 K < ∼ T eff < ∼ 17 000 K, but this is possibly caused by the decreasing sensitivity of ground-based spectroscopy for photospheric Ca H&K lines. However, at T > ∼ 23 000 K, there is a sudden drop in stars with high accretion rates -the COS spectroscopy remains extremely sensitive to Si at these temperatures, so this deficiency is real, and its cause is discussed below in Sect. 9.4.
Objects without photospheric Si
Radiative levitation predicts detectable amounts of Si over most of the temperature range of our sample. Why do 37 stars show no trace of Si or C? In Table 4 we show the predicted equivalent widths of the Si ii 1265 Å and C ii 1335 Å lines. The fourth column (Detectable? N/Y) is our estimate if these predicted lines should be visible or not, given the individual quality of the COS spectra. We would expect to detect metals only in 8 of the objects. Two might indeed show some Si, but the spectrum is strongly perturbed near the 1265 Å line (WD 1229 -013, WD 1230 . For the six remaining stars, there is no obvious reason why no metals are detected, and our models indicate these systems lack a source of external pollution. Even in the case where 100% of stars form planetary systems, this alone is insufficient to deliver Si to the surfaces of all their white dwarf remnants within the appropriate timescale. Successful models that deliver debris to the surfaces of white dwarfs indicate that a combined planet-planetesimal belt is necessary Debes et al. 2012) and it seems plausible that this architecture may be common but not universal. Closer inspection of the atmospheric parameters reveals a significant difference between the stars where no metals are detected, and those where metals are observed at abundances com- Teff [K] log g Fig. 9 . Objects where Si is detected at levels consistent with radiative levitation (red circles), and objects where Si is neither detected, nor expected to be radiatively supported for their T eff and log g (green crosses). The blue squares indicate the parameters of eight stars where radiative levitation is strong enough to produce visible lines, yet, no metals are detected in their COS spectra. The black continuous line indicates the location for an EW of 30mÅ of the Si ii 1265 line, which is our detection threshold.
patible with radiative levitation (Table 3) , which is illustrated in Fig. 9 : the latter objects are concentrated in the lower right corner, at high temperatures and low surface gravities. Given the mechanism of radiative levitation this is exactly what is expected, in objects with lower temperatures and/or higher gravity, Si sinks out of the photosphere. The continuous line indicating the combination of T eff and log g where radiative levitation results in 30 mÅ equivalent widths, which is our typical detection threshold, neatly fits to the division of the two sets of stars. This is a strong indication that our calculations are overall correct.
The fraction of white dwarfs with remnants of planetary systems
While the total fraction of Si-polluted white dwarfs in our sample is relatively independent of T eff , hovering at ≈50% (red points in the middle panel of Fig. 8 ), the distribution of white dwarfs that must be currently accreting and those where the metal pollution can be explained by the equilibrium abundance obtained from the radiative levitation calculations show a very distinct pattern. At temperatures below ≈20 000 K, radiative levitation becomes very ineffective, and correspondingly the vast majority of stars with Si detections must be currently accretingin other words, the fraction of accreting white dwarfs is equal to the fraction of stars with Si detections, ≈50%. Towards higher temperatures, this pattern reverses, and the majority of Si detections are consistent with radiative levitation alone. In addition, as already noted in the previous section, there is a striking lack of stars with high accretion rates at T eff > ∼ 23 000 K. As argued in Sect. 9.1, planetary debris is the only plausible source of metals for the 25 stars that are currently accreting. Looking at Fig. 8 , these stars have cooling ages of ≈40-100 Myr, in contrast, at younger cooling ages we find only stars with relatively low photospheric Si abundances which can be explained by radiative levitation. Yet, as shown in Sect. 9.1, these stars also must have accreted at some point in the past. A priori, and dynamically, there is no reason why ongoing accretion of planetary debris should become suddenly more frequent at white dwarfs with cooling ages older than 40 Myr.
One plausible explanation for this dichotomy relies on the fact that observing a white dwarf in a phase of ongoing accretion requires the availability of a reservoir of material. Such a reservoir has been found in the form of dusty and gaseous discs around 30 white dwarfs (e.g. Zuckerman & Becklin 1987; Gänsicke et al. 2006; Farihi et al. 2009; Brinkworth et al. 2012) . While strongly constrained only for about 1/3 of known dusty white dwarfs that were observed with SPITZER out to 24 µ, the outer radii of these discs are compatible with the tidal disruption radius (Roche limit) of a typical white dwarf, ≈1 R ⊙ . Their inner radii are consistent with the distance from the white dwarf at which the radiation field is sufficiently strong to sublimate the dust. Hence, the location of the inner disc radii depends on the composition of the dust and its typical grain sizes (which determines the sublimation temperature), and to a greater extent on the white dwarf luminosity. While the dust parameters are somewhat uncertain, it is straightforward to see that the inner edge of the disc moves out with increasing T eff . Von Hippel et al. (2007) and Farihi (2011) showed that, adopting a range of assumptions on grain size and sublimation temperature, the inner (sublimation) radius of a dusty debris disc will become equal to the Roche limit somewhere in the range 15 000-22 000 K. More recently, Rafikov & Garmilla (2012) showed that the sublimation temperatures of Si-rich minerals in a H-deficient environment are a few 100 K higher than the typically adopted values (valid in H-rich conditions, such as protoplanetary discs), suggesting that the upper end of that temperature range is more realistic.
The implication of all the above is that while planetesimal disruption events can and probably do occur as frequent at white dwarfs hotter than ≈23 000 K, and dynamically this is actually favored at earlier cooling ages (Debes & Sigurdsson 2002; Veras et al. 2013; Frewen & Hansen 2014) , the debris will rapidly sublimate, forming a purely gaseous disc. Given that the viscosity of gas is much higher than that of dust, angular momentum transfer in a gaseous disc is substantially more efficient, dramatically reducing the life time of a gaseous disc compared to the dust discs that form around cooler white dwarf. Once the debris of the tidal disruption event is delivered onto the white dwarf, the small amount of Si in the photosphere, sustained by radiative levitation, remains as unmistakable evidence that the star has undergone an episode of accretion. Our hypothesis is corroborated by the fact that no white dwarfs with close-in dusty discs have been found at T eff > ∼ 23000 K (Farihi et al. 2009; Steele et al. 2011; Girven et al. 2011; Xu et al. 2013b; Girven et al. 2012; Barber et al. 2012). 5 In summary, at least 27% of the white dwarfs in our sample are currently accreting, and another 29% have photospheric metals sustained by radiative levitation. In the vast majority of the stars where both Si and C are detected, the C/Si ratio suggests planetary material as the origin of the material. For the accreting white dwarfs, this is the only plausible origin as interstellar accretion cannot provide the observed accretion rates. Also taking the distribution of accreting white dwarfs into account, along 5 The hottest white dwarf hosting a close-in dusty disc is WD 0843+516, with T eff = 22412 ± 304 K (Table 1, see also Gänsicke et al. 2012 and . For completeness we note that infrared excesses of T ≈100 K material have been detected around several hot and young white dwarfs that are central stars of planetary nebulae (Su et al. 2007; Chu et al. 2009 Chu et al. , 2011 Bilíková et al. 2012) . However this material is inferred to lie at much larger separations from the star, at many tens of AU and its nature is still uncertain.
with those where radiative levitation is sufficient to explain the detected metals, strongly suggests that the majority of all the metal-polluted stars in our COS sample are accreting, or have accreted planetary debris.
Dependence on the mass of the white dwarfs and their progenitors
The vast majority of exo-planet searches have focused on FGK type host stars, corresponding to a very narrow range in stellar masses, ≈0.5-1.5 M ⊙ 6 . Consequently, our current knowledge of the frequency, and architecture of planet hosts with M > 1.5 M ⊙ is limited.
White dwarfs, on the other hand, are the burnt-out cores of stars with initial masses in the range ≈0.8-8 M ⊙ , and the progenitors of the majority of the present-day galactic white dwarf population had ≈2 M ⊙ . The white dwarf mass relates to the mass of its progenitor via the initial-mass to final-mass relation (Weidemann 1984 (Weidemann , 2000 Catalán et al. 2008; Kalirai et al. 2008; Williams et al. 2009; Dobbie et al. 2009 ). The distribution of the progenitor masses of the 85 DA white dwarfs in our sample is shown in Fig. 1 , illustrating that the median progenitor of our sample had indeed ≈2 M ⊙ .
The detection of debris-pollution hence probes the existence of planetary bodies around main sequence stars spanning a wide range of masses. More than half of the 23 stars in our sample that are currently accreting have estimated progenitor masses in excess of 2 M ⊙ , including the two Hyades white dwarfs discussed by Farihi et al. (2013b, see also Sect. 9.6 ) and WD 1015+161 which also exhibits infrared excess from circumstellar dust ). This unmistakably demonstrates that the formation and existence of rocky planetary material around A-stars stars is common, and can survive the post-main sequence evolution of these stars. This is further strengthening the results of Bonsor et al. (2014) who detected cool dust with HERSCHEL around 11 % of sub-giants with estimated masses in the range 1.5-1.8 M ⊙ (see previous footnote).
Intriguing is an apparent lack of debris pollution for the highest mass white dwarfs, M wd > 0.8 M ⊙ , corresponding to progenitors with M ms > ∼ 3.8 M ⊙ -we detected Si only in one out of 14 stars in this mass range, WD 1038+633 with an estimated progenitor mass of ≈4.3 M ⊙ . Given that our COS sample is still relatively small, we investigated the possible effect of smallnumber statistics causing the observed distribution. A MonteCarlo simulation, randomizing the white dwarf masses in our sample, suggests that the lack of debris-polluted white dwarfs with M wd > 0.8 M ⊙ being a chance result is < ∼ 5%; good enough to justify exploring possible causes for this deficiency.
The white dwarf mass distribution in Fig. 1 resembles closely that of larger well-studied samples (Finley et al. 1997; Liebert et al. 2005; Giammichele et al. 2012) , displaying besides the dominant population around a mean mass of 0.6 M ⊙ two additional peaks near ≈0.4 M ⊙ and ≈0.8 M ⊙ . We come back to the low-mass peak below. Regarding the tail of high-mass white dwarfs, general consensus is that their number is in excess to 6 Search for radial velocity variations and planetary transits becomes increasingly difficult with increasing mass: A-type stars have very few sharp features in their spectra that can be used for cross-correlation, and the depth of transits scales as R 2 p /R 2 * , with R p and R * the planet and host star radii. The former issue can be circumvented by observing "retired A-stars", i.e subgiants with estimated M > 1.5 M ⊙ . While there have been a number of planet detections, there is an intense ongoing debate regarding the true masses of subgiant planet hosts (Bowler et al. 2010; Johnson et al. 2010 Johnson et al. , 2013 Lloyd 2013 Lloyd , 2011 expectations from the galactic star formation history, and that a substantial number of them are the product of double white dwarf mergers. The complex, and in part violent evolution of such systems makes it unlikely that planetary bodies present around one, or both of the progenitors would survive, explaining the lack of debris-pollution among those stars.
Given that the main-sequence life time rapidly increases with decreasing stellar mass, the Galaxy is not old enough to have formed low mass white dwarfs (M wd ≤ 0.45 M ⊙ ) from singlestar evolution. In other words, all low-mass white dwarfs must have undergone binary interactions that truncated their coregrowth prior to the onset of He-burning, and consequently they have He-cores. A frequent pathway to He-core white dwarfs is the common envelope interaction with a main-sequence star, often of low mass (Rebassa-Mansergas et al. 2011) . In fact, two of the post-common envelope binaries that we included in our survey as comparison objects (WD 0710+741, WD 2257+162) have He-core white dwarfs. Alternatively, two sufficiently massive main-sequence stars can evolve into close double-degenerate binaries, containing one, or two He-core white dwarfs. There is, however, also a small number of apparently single lowmass white dwarfs, and Nelemans & Tauris (1998) suggested that massive planets may be sufficient to result in the ejection of the envelope of their host star.
Our COS sample includes five white dwarfs with masses < 0.45 M ⊙ , which we consider a conservative limit for containing He-cores. WD 0341+021 and WD 1713+332 show photospheric Si compatible with radiative levitation, whereas no metals are detected in WD 1229-013, WD 1353+409, and WD 2032+188. All five systems have been investigated for radial velocities, WD 1713+332 and WD 2032+188 are confirmed double-degenerate binaries with periods of 1.12 d and 5.08 d (Marsh et al. 1995; Nelemans et al. 2005) , WD 0341+021 is a suspected double-degenerate (Maxted et al. 2000) , and WD 1229-013 and WD 1353+409 show no radial velocity variations (Maxted & Marsh 1998; Maxted et al. 2000) . Given our arguments in Sect. 9.1, it hence appears that stellar wind accretion can occur onto white dwarfs in close binaries. One other known example of a very likely He-core that is metal-polluted and has a dusty debris disc is SDSSJ 155720.77+091624.7, suggesting that complex planetary systems in close binary systems can form Steele et al. 2011; Farihi et al. 2012a ).
9.6. The two Hyades white dwarfs Farihi et al. (2013b) interpreted the detection of photospheric Si in two Hyades white dwarfs, WD 0421+162 and WD 0431+126, as evidence for the presence of rocky planetesimals. The calculations of the diffusion fluxes in that study did not account for the effect of radiative levitation, which attracted some criticism from Chayer (2014) . He finds that WD 0421+162 needs accretion to explain the observed Si, but that the WD 0431+126 can be explained by radiative levitation alone. While we agree on the first object, we disagree on the second. In our calculations accretion has to also be invoked for this object. In our model for zero accretion, we find indeed radiative support between optical depths 5.1 × 10 −6 to 3.2 × 10 −4 with a maximum Si abundance of log [Si/H] = −7.47, and between 1.9 to 8.4 with a maximum of −7.72 (note that the parameters are similar to those of the model in Fig. 7 ). These numbers are very similar to Chayer's values in his Fig. 2 . However, between these two "Si clouds" the abundance falls below −12.00, and the equivalent width for Si ii 1265 calculated with this model is only 2 mÅ, as compared to the observed 55 mÅ. The reasons for the difference are discussed above; the main point here is that C10 do not calculate the abundance distribution within the visible photosphere. In any case, WD0431+126 is close to the limiting line of Fig. 5 and small differences in the models can shift the result either way.
In summary, including the effects of radiative levitation somewhat reduces the diffusion flux in WD 0431+126 with respect to the value in Farihi et al. (2013b) , however the discussion and conclusion of that paper remain unaffected.
Conclusion
We have carried out an ultraviolet high-resolution survey of 85 DA warm 17 000 K < T eff < ∼ 27 000 K white dwarfs with relatively short cooling ages (20 − 200 Myr), and we found photospheric metal pollution by at least Si in 52% of our target stars. The correct interpretation of the data required a full treatment of radiative levitation, which we have now implemented in our atmosphere code.
At least 27% of these stars are currently accreting material that is consistent with planetary origin, and an additional 29% have undergone at least one episode of accretion as we see Si and in some cases C that is sustained by radiative levitation. At temperatures 17 000 K < T eff < ∼ 20 000 K, the fraction of white dwarfs accreting planetary debris is ≈50%. While we cannot exclude that accretion from the ISM is responsible for the metals in a few of the stars that are not currently accreting, their distribution in T eff strongly suggest that planetary debris is also the principle, if not sole, cause of their photospheric pollution. Hence, the fraction of white dwarfs accreting planetary debris is plausible close to 50%, similar to the fraction of stars hosting super-Earths (Gaidos 2013) .
At stellar temperatures > ∼ 23 000 K the fraction of currently accreting white dwarfs rapidly drops, which is consistent with the fact that these stars are too hot to allow the formation of long-lived dusty discs that are necessary to provide a continuous flow of metals. Tidal disruption of planetary bodies in these systems will lead to short-lived accretion events from purely gaseous discs, reducing the probability of catching these stars during this phase -yet, radiative levitation provides the memory to past accretion. One prediction of this hypothesis is that a small number of warm DA stars should be found to be accreting at much higher rates than the cooler stars with dusty discs. We note that photospheric and circumstellar metals are detected in a number of white dwarfs that are much hotter, and much younger than our sample. The origin of the metals has been intensively debated in the past (Shipman et al. 1995; Bannister et al. 2003; Barstow et al. 2003; Dickinson et al. 2012a,b) , but it is very likely that it is, at least in part, also related to planetary debris (Barstow et al. 2014) . One particularly promising candidate of a hot white dwarf accreting planetary debris at a high rate is the extremely metal-polluted GD394 (≈40 000 K, Barstow et al. 1996; Dupuis et al. 2000) .
We find that about half of the white dwarfs that are currently accreting planetary debris have progenitor masses of 2-3 M ⊙ corresponding to late B-and A-type stars, which shows that the formation of rocky planetary material is common around mainsequence stars in this mass range. At the highest white dwarf masses, M wd > 0.8 M ⊙ , metal pollution is extremely uncommon, consistent with the hypothesis that most of these massive white dwarfs are the product of double-degenerate mergers, instead of single-star evolution.
Finally, combining published ground-based searches for metal-pollution in white dwarfs with the results from our COS survey, we find that neither the fraction of accreting white dwarfs, nor the rates at which they accrete, show a noticeable correlation over an extremely wide range of cooling ages, ≈20 Myr-2 Gyr. This broadly confirms the evolutionary simulations of Veras et al. (2013) who found that instabilities in the remnants of two-planet systems are likely to occur over roughly the same period in time. Table 1 . General data for the white dwarfs sample. T eff and log g come from a comparison of optical and HST/COS spectra with theoretical models. Mass and radius are derived from these using the Montreal evolutionary calculations and finite temperature mass-radius relations. The uncertainties (data in parentheses) are propagated and include possible systematic as well as statistical uncertainties. Distances are derived from the absolute flux in the ultraviolet (dHST) and from observed V (dV) and theoretical models. Uncertainties again include systematic and statistical contributions as far as possible. Below the horizontal line are the five comparison objects.
